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Homo- and copolymers of hydroxythiophene and cyanothiophene have been investigated by employing density
functional theory with the aim of determining the effect of donor-acceptor substitution on the electronic
structure. The band gap of the copolymer is 0.11 eV smaller than that of polythiophene. Bandwidths of
valence and conduction bands are reduced by 0.22 and 0.36 eV compared to polybithiophene. Conductivity
after p- and n-doping could therefore be less than that of polythiophene. All properties of the copolymer are
averages between those of the homopolymers. The charge separation between hydroxy- and cyano-substituted
rings is 0.12 e in the neutral state and 0.13 e and the dication. The ionization potential and electron affinity
of poly(hydroxythiophene) are 1.78 and 1.63 eV smaller than those of poly(cyanothiophene). According to
the donor-acceptor concept, a decrease in band gap and an increase in bandwidths compared to the
homopolymers should have resulted. We rationalize the absence of band broadening with reduced interaction
between fragments with very different energies in agreement with perturbation theory.
Introduction
The donor-acceptor concept for band gap engineering in
conducting polymers was proposed by Havinga et al. in 1993.1
The basic idea is that a regular alternation of conjugated donor
and acceptor moieties in a conjugated chain leads to broadening
of valence and conduction bands and induces small band gaps.
Band gap decrease and bandwidth increase were predicted to
become stronger with increasing electronegativity difference
between donor and acceptor. Havinga et al. tested their
hypothesis by employing squaric acid and croconic acid as
acceptors and heteroring systems with nitrogen and sulfur atoms
as donors. Band gaps down to 0.5 eV and intrinsic conductivities
of up to 10-5 S/cm were obtained. The highest conductivity
upon doping was 1 S/cm.
Since small band gaps are the necessary condition for intrinsic
conductivity and wide bandwidths are needed for high on-chain
mobility, Havinga’s proposal led to increased interest in donor-
acceptor systems,2-41 although several investigations on co-
polymers had been published prior to the 1993 paper.42-53 The
method has been employed successfully for band gap adjustment
between the values of the homopolymers,5,19,42,48,50for tuning
the color of light emitting systems,29,34,35,39,47for increasing the
efficiency of photoluminescence,35,44,47 for creating quantum
well structures,5,19,44,46,47and for increasing intrinsic conductivity
by reducing band gaps compared to those of the corresponding
homopolymers.7,8,26,36Although intrinsic conductivities of up
to 10-3 S/cm26 are impressive, the highest conductivity upon
doping1,7-9,13,15,26,36,49,50reported for a donor-acceptor system
is, to our knowledge, 4.8 S/cm.8 Homopolymers seem to conduct
better, e.g., polyacetylene (PA) 105 S/cm,54 poly(p-phenylene)
(PPP) 15× 103 S/cm,55 poly(3-methylthiophene) (PMT) 2000
S/cm,56 and polypyrrole (PPy) 1000 S/cm.55 Doping of homo-
polymers can yield an increase in conductivity of 15 orders of
magnitude. In donor-acceptor systems conductivity increases
by merely 2-5 orders of magnitude.7,26,36
Copolymers of heterocycles with different ionization poten-
tials (IPs) and electronegativities (EAs) have been studied
theoretically prior to the Havinga paper. In most cases properties
(including band gaps) are intermediate between those of the
homopolymers and band gaps can be tuned between those of
the homopolymers by changing composition.10,43,48,53 Poly-
(aminosquaraine), a model for the compounds synthesized by
Havinga et al., was analyzed theoretically by Tol and Brocks.2,6,11
The authors concluded that donor-acceptor systems have small
band gaps only if there is weak interaction between the two
units. In the case of strong interaction, charge transfer increases
the band gap. Weak interactions, however, lead to narrow rather
than wide bands. Poly(aminosquaraine) was shown to be a
special case in which symmetry prevents interaction between
the nitrogenπ-orbital and the squaraine fragment in the valence
band. This leads to a reduced charge shift and allows for a small
band gap and significant dispersion at the same time. In the
absence of such special effects, donor-acceptor substitution was
shown to lead to charge shift andπ-electron confinement.17,48
Electron confinement is reflected in small bandwidths of valence
and/or conduction bands. Narrow bands have been found
theoretically in several donor-acceptor systems.12,38,57 Small
dispersion leads to a smaller decrease of band gaps upon an
increase in chain lengths. This has been observed experimen-
tally.31 Small bandwidths can account for the lower conductivi-
ties of donor-acceptor systems upon doping compared to
homopolymers and for low n-type conductivity that was
attributed to dedoping in experimental work.
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It seems that the original prediction that donor-acceptor
substitution leads to small band gaps and wide bandwidths at
the same time does not hold in general. This is an important
issue, since design of good conductors requires high on-chain
mobility and therefore wide bands. If one aims to design systems
with high conductivity, it is of little use to decrease band gaps
at the expense of bandwidths, since this would decrease carrier
mobility, which is already the major limitation of conducting
polymers. In contrast, donor-acceptor substitution proved very
useful for improving quantum efficencies for electrolumines-
cence where electron confinement is desirable. To investigate
the effect of donor-acceptor substitution on band gaps,
bandwidths and conductivity, we started systematic investiga-
tions on various types of donor-acceptor systems. In this paper
we present analysis of poly(3-cyano-3′-hydroxybithiophene).
The copolymer is compared to polythiophene as well as to the
corresponding homopolymers. A very similar polymer, poly-
(3-cyano-3′-methoxybithiophene) was studied experimentally.
Ionization potential and band gap were shown to be about the
same as in polythiophene but charge localization was found
during p-doping.5,19 Investigation of a small-band gap donor-
acceptor polymer with high intrinsic conductivity is reported
in the paper following this one. Work and systems with aromatic
donors and quinoid acceptors is in progress.
Methods
Cyano- and hydroxythiophene were optimized and their
energy levels were compared to those of thiophene. Monomers
through tetramers of bithiophene (1), 3,3′-dicyanobithiophene
(2), 3,3′-dihydroxybithiophene (3), and 3-cyano-3′-hydroxy-
bithiophene (4) were optimized in planar geometry. For all
calculations density functional theory (DFT) was used. For the
exchange-correlation functional Becke’s three-parameter hybrid
functional58 was combined with Perdew and Wang’s correlation
functional.59 The weight of the Hartree-Fock exchange was
increased to 30% since such a functional yields HOMO-LUMO
gaps in close agreement withλmax values from UV spectros-
copy.60 Stevens-Basch-Krauss pseudopotentials61 and split
valence plus polarization basis sets were employed.61 At this
level of theory, IPs and EAs are about 1 eV too low for
oligomericπ-systems but trends are reproduced correctly. The
use of DFT orbital energies is justified from a pragmatic point
of view although the exact physical meaning of DFT orbital
energies is a controversial subject62-74 that is beyond the scope
of the present investigation. Polymer properties were evaluated
by plotting data for oligomers with increasing chain length
against 1/n, the number of repeat units, and extrapolation by
second-degree polynomial fitting. Electronic structures were
analyzed with the natural bond orbital (NBO) method.75-79 All
calculations were performed with Gaussian 98 Windows and
UNIX versions.80 Orbital contours were plotted with the
g-openmol program.81
Results
In Figure 1 the energy levels of theπ-orbitals of hydroxy-
and cyanothiophene are compared with those of thiophene.
Hydroxy and cyano groups interact strongly with the lowest
all-bonding molecular orbital (MO) of thiophene, forming
bonding and antibonding combinations. This interaction leads
to a splitting of the lowest energy level into two new levels. In
addition the cyano group interacts strongly with the highest lying
all antibonding orbital of thiophene, which leads to an additional
energy level that lies high in energy. HOMO and LUMO of
thiophene are shifted in energy due to substitution, leading to
energy differences of 1.27 eV between the HOMOs and of 1.15
eV between the LUMOs of hydroxy- and cyanothiophene. Thus,
alternating hydroxy and cyano substitution should give rise to
a polymer with donor-acceptor properties.
In Figure 2 MOs of hydroxy- and cyanothiophene are
correlated with those of4. For comparison, the same is done
for thiophene and bithiophene in Figure 3. Compared to
bithiophene,4 has three additional energy levels. Two lie in
the gap between the four levels arising from HOMO and
HOMO-1 and the two levels that stem from the lowest all
bonding MO of thiophene. The third extra level is the highest
unoccupied molecular orbital. In both systems, the HOMO and
LUMO arise from the HOMO and LUMO of thiophene and
give rise to the valence and the conduction band upon
polymerization. Note that the HOMO-LUMO energy difference
Figure 1. Influence of hydroxy and cyano substitution on the energy
levels of theπ-orbitals of thiophene.
Figure 2. Orbital correlation diagram forπ-orbitals of 4 and of
hydroxy- and cyanothiophene. The small change of HOMO and LUMO
energies shows the effect of large energy difference between IPs and
EAs of the interaction fragments.
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in thiophene, 6.73 eV, is much larger than the energy difference
between the HOMO of hydroxythiophene and the LUMO of
cyanothiophene, 5.11 eV. Nonetheless, the energy gaps in4
and in1 are similar, 4.57 and 4.81 eV. Comparison of Figures
2 and 3 shows that the similar energy gaps in4 and in1 arise
because the shift in energy levels compared to the fragments is
much smaller for4 (0.54 eV) than for1 (1.92 eV).
IPs for monomers through tetramers of1-4 are summarized
in Table 1. EAs are given in Table 2. Table 3 summarizes
extrapolated data for the polymers, and Table 4 lists the
π-charges for the inner rings of the tetramers. All extrapolations
were carried with second-degree polynomial fits, since signifi-
cant deviations from linearity were observed in several cases.
Second-degree polynomial fitting leads to near perfect correla-
tion coefficients (0.999 or better). Whenever there was a
deviation from linearity, the values changed more rapidly upon
polymerization than linear fits would suggest. This is in contrast
to experiment where saturation is observed due to disorder. The
difference in the energy levels between the cyano- and hydroxy-
substituted systems increases upon polymerization. As a result
poly-2 has a 2.13 eV larger IP and a 1.83 eV larger EA than
poly-3. The band gap of poly-2 is slightly larger than that of
polythiophene, and that of poly-3 is slightly smaller. Alternating
donor-acceptor substitution in poly-4 results in average values
for all of the properties at every chain length.
Figure 4 shows the band development with4 as the repeat
unit. With a bicyclic repeat unit, 10 bands arise for poly-
bithiophene (one for each of the energy levels of bithiophene
in Figure 3). For the substituted system, 13 bands are formed
upon polymerization. With the help of Figures 1 and 2 we can
trace the bands back to theπ-orbitals of thiophene. Bands 1
and 2 are similar to those of polybithiophene but extend over
the substituents. Bands 3 and 4 are due to substitution and show
local charge accumulation (compare orbital contour plots for
the trimer of4 in Figure 5). As a result bands 3 and 4 are flat.
Band 5 stems from the HOMO of thiophene and is wide like
the valence band 8 that originates from the same orbital. Bands
6 and 7 originate from the HOMO-1 of thiophene and are flat
since the HOMO-1 of thiophene has a node at theR-carbon
atoms. The conduction band originates from the LUMO of
thiophene.
CN and OH substitution slightly decrease valence bandwidths
compared to polybithiophene. Both systems have nearly the
same valence bandwidth. The valence bandwidth of the
copolymer is unaffected by alternating donor-acceptor substitu-
tion and equals the bandwidths of the homopolymers. The
conduction band of poly-2 is narrower than that of poly-
bithiophene; that of poly-3 is wider. The conduction band of
the copolymers is narrower than that of polybithiophene and
also narrower than the arithmetic mean between those of2 and
of 3. To summarize, alternating donor-acceptor substitution
in poly-4 leads to average IP, EA, andEg and tends to decrease
Figure 3. Orbital correlation diagram for thiophene and bithiophene.
TABLE 1: Ionizationpotentials (eV) for Monomers through
Tetramers of 1-4
monomer dimer trimer tetramer
1 6.59 6.04 5.86 5.78
2 7.58 7.22 7.13 7.10
3 5.97 5.47 5.28 5.19
4 6.79 6.37 6.23 6.17
average2, 3 6.78 6.35 6.21 6.15
TABLE 2: Electronaffinities (eV) for Monomers through
Tetramers of 1-4
monomer dimer trimer tetramer
1 1.78 2.46 2.71 2.82
2 3.15 3.74 4.01 4.15
3 1.26 2.05 2.30 2.43
4 2.22 2.88 3.15 3.29
average2, 3 2.21 2.90 3.16 3.29
TABLE 3: Extrapolated Values for IPs, EAs, Eg, BWval, and
BWcond for Polymers of 1-4
IP EA Eg BWval BWcond
1 5.53 3.20 2.33 2.35 1.99
2 7.02 4.63 2.39 2.12 1.30
3 4.89 2.80 2.08 2.13 2.26
4 5.98 3.74 2.22 2.13 1.63
average2, 3 5.96 3.72 2.24 2.13 1.78
Figure 4. Band development upon chain length increase for oligomers
of 4.
TABLE 4: Charges in the π-Systems for the Inner Rings of




tetra-2 +0.03 tetra-3 +0.03
C atoms S CN C atoms S OH
-0.33 +0.39 -0.03 -0.41 +0.33 +0.11
tetra-4 -0.04 tetra-4 +0.08
C atoms S CN C atoms S OH
-0.35 +0.36 -0.05 -0.38 +0.34 +0.12
(tetra-4)2+ +0.21 (tetra-4)2+ +0.34
C atoms S CN C atoms S OH
-0.13 +0.35 -0.01 -0.15 +0.34 +0.15
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bandwidths compared to the homopolymers. Compared to that
of polythiophene, the band gap is reduced by 0.11 eV, the
valence bandwidth is reduced by 0.22 eV, and the conduction
bandwidth is reduced by 0.36 eV.
In Table 4 π-charges obtained with the NBO method are
compiled for the inner rings of the tetramers of1-4. In tetra-1,
the inner rings are occupied by 5.98π-electrons. The four carbon
atoms possess 4.32π-electrons and the sulfur lone pair is
occupied by 1.66π-electrons, resulting inπ-charges of+0.02
e,-0.32 e, and+0.34 e, respectively. In tetra-3 the ring (carbon
and sulfur atoms) is negatively charged due toπ-donation of
0.11 e from the oxygen lone pair. In tetra-2 the positive charge
of the ring is slightly increased due to the mesomeric effect of
the cyano group. It is noteworthy that the carbon atoms do not
loseπ-electrons in tetra-2 but that the sulfur lone pair occupation
is reduced to 1.61 e. The carbon backbone is still slightly more
negative in tetra-2 (-0.33 e) than in tetra-1 (-0.32 e). When
the donor-acceptor system (tetra-4) is formed, some reshuffling
of π-electrons takes place. The carbon atoms of the hydroxy-
thiophene ring lose 0.03 e, and the carbon atoms of the
cyanothiophene ring gain 0.02 e. The sulfur atom of the
hydroxythiophene ring becomes slightly more positive, and the
sulfur atom of the cyanothiophene ring becomes a little less
positive. There does not seem to be a quantitative correlation
between charges and shifts in energy levels. This can be
attributed to the fact that both OH and CN interact with the
π-system through mesomeric rather inductive effects.
Discussion
The donor-acceptor concept was proposed by Havinga et
al. for designing polymers with small band gaps and wide
bands.1 The idea was justified as follows. If extended regions
of donors and acceptors alternate, both valence and conduction
bands are curved by space charge effects. A smaller band gap
is found when spatial alternation of the level of the bands is
taken into account. Havinga et al. realized that a reshuffling of
the bands takes place if the extension of the donor and the
acceptor regions is decreased. They expected, however, that “at
least some broadening of the bands will survive and that the
new valence and conduction bands will be broader than in the
neutral case, leading to a smaller band gap.” The idea is
illustrated in Figure 6 using calculated values for poly-1, -2,
-3, and -4. Data for poly-2 and for poly-3 show that the valence
and conduction bands are strongly shifted in energy due to
substitution with OH and CN groups. The wide bands indicated
with donor-acceptor show a hypothetical situation in which
Figure 5. Orbital contour plots for theπ-orbitals of the trimer of4.
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the valence band of the copolymer spans the whole range of
valence bands of donor and acceptor and the conduction band
spans the whole range of the conduction bands of donor and
acceptor. This indeed would lead to a small band gap, 0.23 eV,
and large bandwidths, 4.25 and 4.09 eV. If the donor acceptor
concept worked, the band edges of poly-4 should lie somewhere
between those of the homopolymers and those of the hypotheti-
cal donor-acceptor polymer. The last two entries in Figure 4
show data for poly-4 and for poly-1. The comparison reveals
that Havinga et al.’s prediction is not borne out for poly-4. No
band broadening is observed for poly-4 compared to either
homopolymer or polythiophene. In contrast, both valence and
conduction bands are narrower than those of polythiophene. The
band gap is slightly smaller than that of polythiophene but
precisely average between those of the homopolymers. These
findings are in agreement with experimental findings that
oxidation potentials andπ-π* transitions in the methoxy
analogue of4 and polybithiophene occur at similar energies.5,19
Why are the bands not getting wider as suggested by the
donor-acceptor concept in poly-4 and why is the band gap not
reduced substantially? The reason becomes apparent if the
system is built up from the repeat units rather than starting from
polymers and gradually reducing the extent of the donor and
acceptor regions. Upon formation of4 the HOMO increases
by 0.21 eV and the LUMO decreases by 0.33 eV (compare
Figure 2), resulting in a HOMO-LUMO gap reduction of 0.54
eV. When two thiophene rings interact (Figure 3), the HOMO
energy increases by 0.89 eV, the LUMO energy decreases by
1.03 eV, and the energy gap decreases by 1.92 eV. Thus, when
the 4 is formed, alternating donor-acceptor substitution leads
to 1.38 eV less reduction in the energy gap compared to the
unsubstituted bithiophene. This can be rationalized with per-
turbation theory. The energy change due to a perturbation is
directly proportional to the square of the Fock matrix element
between the interaction orbitals and indirectly proportional to
the energy difference (εi - εj) between the interacting orbitals:
Fij, the Fock matrix element between the interacting orbitals is
roughly proportional to overlap. Therefore, assuming constant
overlap, the interaction energy decreases as the energy difference
increases. Figures 2 and 3 look like textbook examples of orbital
energy plots for interaction of energy levels with very different
and with identical energies.82 The larger the electronegativity
difference, the smaller the change in energy levels. Generalizing
the two-level case to a many-level case as in conducting
polymers, the result of donor-acceptor interaction is narrowing
of bands and less decrease of energy gap upon polymerization.
Thus, perturbation theory rationalizes experimental and theoreti-
cal results but disagrees with the donor-acceptor concept. It
seems that band gap reduction can be accomplished with the
donor-acceptor concept only at the expense of bandwidth.
A second but much smaller effect contributes also. Indepen-
dently of the donor-acceptor substitution, HOMO and LUMO
levels shift to a different extent upon polymerization in poly-2
and in poly-3 compared to polythiophene. The energy gap
decrease between monomers and polymers is 2.48 eV for poly-
1, 2.04 eV for poly-2, 2.62 eV for poly-3, and 2.33 eV for poly-
4. The decrease for poly-4 is the average between those for
poly-2 and poly-3 and 0.15 eV smaller than in poly-1.
Inspection of the population of the pz-orbitals of theR-carbon
atoms shows that cyano substitution decreases theπ-electron
density at that position; hydroxy substitution increases it com-
pared to the unsubstituted parent. This correlates with a decrease
in overlap in the valence band of poly-2 and a decrease in shift
of the HOMO energy. In poly-3 an increase in overlap in the
valence band and a larger shift of the HOMO energy results.
We can thus assign about 0.15 eV in reduced band gap decrease
in poly-4 to a similar change in electron density at theR-carbon
atoms. This has nothing to do with donor-acceptor substitution.
To summarize, polythiophene has a 4.40 eV smaller energy
gap than thiophene. Poly-4 has an energy gap that is 2.87 eV
smaller than the energy difference between the HOMO of
hydroxythiophene and the LUMO of cyanothiophene. Most of
this difference is due to a reduced shift in energy when HOMOs
and LUMOs of very different energies interact. This fact was
overlooked in the design of the donor-acceptor concept, which
implies that band development is not substantially altered by
connecting donors and acceptors with very different energy
levels.
In their original publication Havinga et al. stressed the
importance of charge transfer. In poly-4 such charge transfer is
calculated but it is not accompanied by a decrease in band gap.
Theoretical analysis by Brocks showed that there is no charge
transfer in poly(aminosquaraine), where a substantial decrease
in bang gap was accomplished. In contrast, hybridization
between the HOMO/LUMO states of the fragments was shown
to play the decisive role, leading to the small band gap. One
has to be careful, therefore, not to attribute changes in energy
levels solely to changes in charges. Charges were an important
factor, if the shift in energy levels was due to inductive effects.
However, energy levels can also be shifted through mesomeric
effects. For instance, the cyano group lowers the HOMO energy
in tetra-2 by 1.13 eV, although theπ-charge (as well as and
total charge) on CN is only-0.03 e. The increase in HOMO
energy due to hydroxy substitution is smaller,+0.59 eV,
although theπ-charge of the hydroxy group is+0.11 e. Note
that the total charge (σ andπ) of the hydroxy group is-0.22
e. There is no quantitative correlation between charge shift,σ
or π, and shift in energy levels. It is not surprising, therefore,
that the HOMO of tetra-4 is lower in energy than that of tetra-1
despite the mean positiveπ-charge (+0.02 e) over the hydroxy
and cyano substituted rings.
Demanze et al. observed peculiar electrochemical behavior
of the methoxy analogue of poly-4 upon p-doping and inter-
preted their findings in terms of a quantum well structure.5,19
The π-charges of the cyano- and the hydroxy-substituted
Figure 6. Illustration of the donor-acceptor concept using calculated
data for poly-2, poly-3, and poly-4. Donor-acceptor substitution should
tend to increase bandwidths and decrease the band gap, as shown for
donor-acceptor as a hypothetical extreme case. In contrast, bandwidths
are decreased and the band gap is average between those of the
homopolymers.
∆E ∼ 〈Fij〉2/εi - εj
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thiophene rings in neutral tetra-4 differ by 0.12 e. This charge
difference, however, is not a measure of a possible quantum
well character in individual bands, since theπ-occupations
consist of the sum of theπ-electrons in allπ-bands. Orbital
contour plots in Figure 5 show that valence and conduction
bands are delocalized over the whole molecule. No visible
localization of electron density takes place in valence and
conduction bands. In contrast, lower energy levels appear to be
localized. For instance band 1 has larger contributions from
hydroxy rings than from cyano rings. Bands 2 and 4 are
essentially localized at the cyano rings. That this localization
occurs only in the low-lying levels is due to the fact that hydroxy
and cyano groups interact most strongly with the lowest MO
of thiophene (Figure 1). Since the valence band is delocalized
and since it is this band that loses its electrons upon ionization,
no additional charge localization upon p-doping is predicted at
this level of theory. Actual calculation shows that in the dication
of tetra-4, the innermost cyano ring carries aπ-charge of+0.21
e, the innermost hydroxy ring has aπ-charge of+0.34 e. There
is thus a similar charge separation, 0.13 e, in the dication as in
the neutral species (0.12 e).
Conclusions
DFT calculations on poly-4 agree with experimental findings
on poly(3-methoxy-3′-cyanobithiophene) regarding band gap
and IP. In contrast to expectations based on the donor-acceptor
concept, alternating donor-acceptor substitution in poly-4 does
not decrease the band gap compared with the homopolymers
and does not increase valence and conduction bandwidths.
Electronic properties of the copolymer are close to the arithmetic
mean between those of the homopolymers. Both neutral poly-4
and the dication of poly-4 exhibit uneven charge distribution,
with hydroxy rings being more positively charged than cyano
rings, but the charge separation is not increased in the dication
compared to the neutral polymer.
The reason for the lack of band broadening in poly-4 is that
the strength of interaction between fragments is inversely
proportional to their energy difference, as predicted by perturba-
tion theory. The result is less decrease in band gap and less
increase in bandwidths upon polymerization compared to
homopolymers. We expect therefore the donor-acceptor con-
cept to lead to an inverse proportionality between band gap
reduction and bandwidths. This has negative consequences for
conductivity.
Poly-4 represents a donor-acceptor system in which overlap
between fragments at theR-carbon atoms is large and in which
charge transfer occurs from the donor to the acceptor. The
difference between IPs and EAs in the fragments is due to
mesomeric effects. It remains to be established whether systems
in which inductive effects are dominant show different behavior.
Additional effects are conceivable when a symmetry mismatch
between the frontier orbitals occurs, and when building blocks
with quinoid structures are used. In the paper following this
one, a system is investigated in which the coefficients at the
R-carbon atoms are small in the conduction band. Work on
various kinds of donor-acceptor systems is in progress.
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